Aubipy c is an organogold(III) compound endowed with encouraging anti-proliferative properties in vitro that is being evaluated pre-clinically as a prospective anticancer agent. A classical proteomic approach is exploited here to elucidate the mechanisms of its biological actions in A2780 human ovarian cancer cells. Based on 2-D gel electrophoresis separation and subsequent mass spectrometry identification, a considerable number of differentially expressed proteins were highlighted in A2780 cancer cells treated with Aubipy c . Bioinformatic analysis of the groups of up-regulated and down-regulated proteins pointed out that Aubipy c primarily perturbs mitochondrial processes and the glycolytic pathway. Notably, some major alterations in the glycolytic pathway were validated through Western blot and metabolic investigations.
Introduction
Metal-based agents, and more specifically platinum drugs, play a major role in current chemotherapeutic regimens for cancer treatment [1] . Nonetheless, the clinical use of platinum drugs is still heavily limited by a high systemic toxicity and by the frequent occurrence of intrinsic or acquired resistance [2] . This triggered the search of other families of anticancer drugs based on metals different from platinum, e.g. ruthenium, tin and copper [3] . Nowadays, gold compounds offer an effective and innovative alternative to platinum drugs and are therefore intensively investigated [4] . Interest in gold compounds is also fuelled by the observation that they usually manifest a very different pharmacological profile compared to established anticancer platinum drugs implying the occurrence of original and innovative modes of action and the chance to overcome platinum resistance [5, 6] . Hence, over the last two decades, several promising families of Au-based drug candidates, with the gold center in the oxidation state +3 or +1, featuring diverse structural motifs, were prepared, characterized and their biological and pharmacological profiles initially assessed [7, 8] . Relevant examples are offered by a few classical mononuclear gold(III) complexes [9] such as gold(III) dithiocarbamates [10] and gold(III) porphyries [11] ; by some organogold(III) compounds [12, 13] ; a few binuclear gold(III) complexes [14] ; various neutral, two-coordinate gold(I) complexes [15] , inspired to auranofin; a number of lyophilise cationic gold(I) complexes such as [Au(dope)2]+, and others.
Compounds were mainly driven by their chemical analogy with platinum(II)-based drugs [6] . It was postulated that the biological effects of gold(III) compounds might be a consequence of direct DNA damage as for cisplatin and its analogs. However, in contrast to general expectations, a number of subsequent studies suggested that gold(III) compounds exert their cytotoxicity and antiproliferative effects mainly through DNA independent mechanisms [16] . Notably, it has been shown that these gold(III) compounds are able to trigger apoptosis by a direct mitochondrial damage [1, 12, 17, 18] . Also, there are suggestions that a few peculiar proteins such as thioredoxin reductase, the proteasome or the nuclear factor kb (NF-kb) system may constitute major targets for these gold compounds [1, [18] [19] [20] .
Aubipy c is a promising gold(III) compound that was characterized chemically and biologically through a few recent studies [21, 22] . It consists of a square planar gold(III) center receiving three donors -i.e. C, N, N -from the tridentate bipyridyl ligand while the fourth coordination position is occupied by a hydroxide group (Fig. 1) ; the latter is the preferential site for ligand replacement reaction and for protein biding. Aubipy c is acceptably stable under physiological conditions even in the presence of reducing agents. Previous studies revealed that Aubipy c manifests an appreciable cytotoxicity toward the human ovarian cancer cell line A2780, being able to overcome resistance to platinum. Moreover, it was found that Aubipy c induces apoptotic cell death [21] . Since this gold compound is a strong inhibitor of thioredoxin reductase, it was hypothesized that cell death proceeds through apoptosis possibly as a consequence of a direct mitochondrial damage [23] . However, details of the molecular mechanism leading to mitochondrial damage and consequent induction of apoptosis remain unexplored and warrant further studies.
Here we have adopted a proteomic approach to better characterize the mechanism of action of Aubipy c . Proteomics is today a very powerful investigation tool of cellular processes providing detailed and direct insight into the fine alterations in cell homeostasis induced by exposure to drugs and xenobiotics. Such alterations occurring at the level of several intracellular signaling and metabolic pathways may tell us which parts of the complex cellular machinery are mainly affected by treatment, also suggesting which parts are the most probable biomolecular targets for a specific compound. Previous studies well documented the application of proteomic approaches to the study of the mechanism of various anticancer metal-based drugs [24] . Studies on platinum compounds revealed cellular responses induced by cisplatin treatment and also disclosed the molecular basis for platinum resistance [25, 26] . On the other hand, a number of studies on the proteomic effects of selected gold compounds illustrated the complex responses elicited in cancer cells, highlighting the role of specific defense systems. Some interesting hypotheses were made concerning the likely antiproliferative mechanisms of some gold compounds. Relevant changes in the expression of a number of proteins engaged in redox metabolism, stress response, in mitochondrial functions as well as in apoptosis pathways were detected [11, 27] . In previous works we obtained proteomic results for the gold(III) compound Auoxo6 and Auranofin on A2780 cell line, either sensitive (A2780/S) or resistance (A2780/R) to cisplatin. Concerning the A2780/S, the results pointed out that the mode of action of Auoxo6 is strictly related to that of auranofin. Both gold compounds trigger caspase 3 activation and apoptosis and the affected proteins are involved in cell redox homeostasis and stress response [28] . Conversely, in the A2780/R cell line, Auranofin affected the expression of proteasome apparatus proteins whereas Auoxo6 modified the expression of proteins related to mRNA trafficking and stability [29] . More recently, we performed a proteomic study on two additional gold compounds, Au 2 phen and Aul12 in A2780/S cells. The obtained results were basically in line with those of Auoxo6 and Auranofin in A2780/S cells. We observed few protein expression variations. Moreover, both compounds affected proteins involved in protein synthesis, mRNA splicing and proteins involved in proteasome-mediated protein degradation [30] . However, in all these studies, no underlying mechanism or pathway could be clearly identified. The aim of the present study was to characterize the molecular basis of Aubipy c cytotoxicity in human ovarian cancer cell line A2780/S. The proteome of treated cells was examined with respect to that of untreated cells, by two-dimensional electrophoresis coupled with mass spectrometry. We identified 87 differentially expressed proteins. Among them, 29 proteins were up-regulated upon Aubipy c exposure. Most of these proteins are involved in cellular processes such as stress response, protein synthesis and cytoskeleton and cell structure. Fifty-eight proteins were down-regulated. Most of these proteins belong to glucose metabolism, stress response and cell redox homeostasis.
The alteration on glucose metabolism, in particular of glycolysis, was confirmed by Western blot, bioinformatic analysis and metabolic investigations, such as glucose consuming and the effect of extra pyruvate addition in culture medium on antiproliferative activity of Aubipy c against A2780/S cell line. These data indicate that Aubipy c affects glycolytic pathway. This work therefore offers novel insights, from the prospective of the metabolic response, into the cytotoxic effects caused by Aubipy c -induced damage.
Material and methods

Materials
RPMI 1640 cell culture medium, fetal calf serum (FCS), and phosphate-buffered saline were obtained from Celbio (Milan, Italy); sulforhodamine B (SRB) and cisplatin were obtained from Sigma (Milan, Italy). All chemicals were purchased from Sigma Aldrich (Italy), unless mentioned otherwise.
Cell lines and culture conditions
The human ovarian carcinoma cell line sensitive to cisplatin (A2780/S) was used for cytotoxicity and proteomic studies. Cells were maintained in RPMI1640 medium supplemented with 10% of FCS and antibiotics at 37°C in a 5% CO2 atmosphere and sub-cultured twice weekly.
Cell growth inhibition studies
The cytotoxic activity of Aubipy c was evaluated against the A2780/S cell line according to the procedure described by Skehan et al. [31] . Briefly, exponentially growing cells were seeded in 96-well microplates for 24 h prior to the addition of Aubipy c . After 24 h, the medium was removed and replaced with fresh medium containing concentrations of Aubipy c ranging from 0.003 to 100 μM. Two different times of exposure to Aubipy c , 24 and 72 h, were used. For comparison purposes the cytotoxicity of cisplatin was evaluated in the same experimental conditions. Then the cells were fixed with trichloroacetic acid and then stained with sulforhodamine B (SRB) solution, rinsed with 0.1% acetic acid and air-dried. At the end of the staining period, SRB was dissolved in 10 mM Tris-HCl solution (pH 10.5). Optical density was read in a microplate reader interfaced with the software Microplate Manager/PV version 4.0 (Bio-Rad Laboratories, Milan, Italy) at 540 nm. The IC 50 drug concentration resulting in a 50% reduction in the net protein content (as measured by SRB staining) in drug-treated cells as compared with untreated control cells was determined. The IC 50 drug concentration was also evaluated in medium supplemented with 1 mM pyruvate. The reported IC 50 data represent the mean of at least three independent experiments.
Trypan blue vital dye exclusion assay
To evaluate the viability of cells to be used in the proteomic studies, a time course at 24, 48 and 72 h drug exposures with 3.1 μM of Aubipy c (equal to 72-h-exposure IC 50 value), was performed by trypan blue vital dye exclusion assay. Briefly, 200 μL of trypsinized and re-suspended cells were mixed with 200 μL of 0.4% solution of trypan blue dye (Sigma-Aldrich) for 5 min. Numbers of total cells, live cells and dead cells, were immediately counted using a Neubauer micro-chamber (Brand GmbH, Wertheim, Germany) with a light microscope. All counts were done in duplicates of each sample. The reported data represent the mean of three independent experiments.
Sample preparation and 2-D gel electrophoresis
A2780/S cells were seeded in tissue-culture plates at 5 × 10 4 cells/mL (total volume 30 mL) and incubated overnight, then exposed to the concentration of the Aubipy c equal to 72-h-exposure IC 50 values for 24 h (3.1 μM). Aubipy c stock solution was prepared in dimethyl sulfoxide, then A2780/S control cells were treated with an equal concentration of DMSO. At the end of incubation the cells were washed with phosphate-buffered saline and then scraped in RIPA buffer (50 mM Tris-HCl pH 7.0, 1% (v/v) NP-40, 150 mM NaCl, 2 mM ethylene glycol bis(2-aminoethyl ether)tetra-acetic acid, 100 mM NaF) containing a human protease inhibitor cocktail (Sigma). The cells were sonicated (15 s) and protein extracts were clarified by centrifugation at 8000 g, 4°C for 15 min. Proteins were precipitated following a chloroform/methanol protocol [32] and the protein pellets were resolved in a buffer containing 8 M urea, 4% (w/v) 3-cholamidopropyl dimethylammonium-1-propane sulfonate (CHAPS), 65 mM dithioerythritol (DTE). Protein concentration was determined by the standard Bradford method (Bio-Rad). Isoelectric focusing (IEF) was carried out on nonlinear widerange immobilized pH gradient (pH 3-10; 18-cm-long IPG strip; Bio-Rad) and achieved using an Ettan IPGphor™ system (GE Healthcare). Protein sample (700 μg) was cup-loaded near the anode in the Ettan IPGphor Cup Loading Manifold™ (GE Healthcare) after the rehydration of the IPG strips with 350 μL of rehydration solution (8 M urea, 2% (w/v) CHAPS, 0.5% (w/v) DTE) supplemented with 0.5% (v/v) carrier ampholyte (Bio-Rad) and a trace of bromophenol blue, overnight at room temperature. The strips were focused at 16°C according to the following electrical conditions: 200 V for 1 h, 300 V for 1 h, from 300 to 3500 V in 30 min, 3500 V for 4 h, 5000 for 2 h, from 5000 to 8000 V in 30 min, and 8000 V until a total of 100,000 V/h was reached, with a limiting current of 50 μA/strip. [33] . Gels were stained with colloidal Coomassie blue silver [34] .
Image analysis and statistics
Three independent Aubipy c treatments were performed (biological replicates) and for each sample two 2-DE gels were carried out (technical replicates), so that 12 gels in total were analyzed (6 gels for both A2780/S Aubipy c -treated and control cells). Colloidal Coomassie blue silver-stained gels were digitized using the Epson expression 1680 PRO scanner. The gel images were saved with a resolution of 300 dpi and as 16-bit TIFF format. Image analysis was carried out using the Progenesis SameSpots software version 4.0 (Nonlinear Dynamics, UK) which allows spot detection, background subtraction and protein spot volume quantification. The gel image showing the highest number of spots and the best protein pattern was chosen as the reference image and its spots were then matched across all gels. This reference image was used to quantify and normalize the spot volumes. The spot volumes were normalized in each gel as a relative volume (volume percentage), by dividing the raw quantity of each spot by the total quantity of all the spots included in the reference gel. Statistical analysis was performed using default parameters of the Progenesis SameSpots Stat module. The log 10 -normalized spot volume was used for the analysis as the log transformation improves normality [35] . The univariate data analysis was performed as one-way ANOVA (p < 0.05) on each spot individually. Then, a multivariate statistics was applied including a false discovery rate-corrected p-value (q-value) and Principal Component Analysis (PCA). Moreover, we performed a power analysis to asses the number of sample replicates that need to be analyzed in order to confidently discover differentially expressed proteins. The accepted power threshold is ≥0.8 [36] . We considered differentially expressed spots those having a q-value ≤0.05 and a power ≥0.8. These spots were subjected to mass spectrometry analysis. 14.00 kV. The applied laser wavelength and frequency were 353 nm and 100 Hz, respectively, and the percentage was set to 46%. Final mass spectra were produced by averaging 1500 laser shots targeting five different positions within the spot. Spectra were acquired automatically and the Flex Analysis software version 3.0 (Bruker) was used for their analysis and for the assignment of the peaks. The applied software generated a list of peaks up to 200, using a signal-to-noise ratio of 3 as threshold for peak acceptance. Recorded spectra were calibrated using, as an internal standard, peptides arising from trypsin auto-proteolysis. The mass lists were filtered for contaminant removal: mass matrix-related ions, trypsin auto-lysis and keratin peaks. Protein identification by Peptide Mass Fingerprint search was established using MASCOT search engine version 2.1 (Matrix Science, London, UK, http://www.matrixscience. com) through the UniProtKB database (http://www.uniprot. org/). Taxonomy was limited to Homo sapiens, a mass tolerance of 100 ppm was allowed, and the number of accepted missed cleavage sites was set to one. Alkylation of cysteine by carbamidomethylation was considered a fixed modification, while oxidation of methionine was considered as a possible modification. The criteria used to accept identifications included the extent of sequence coverage, the number of matched peptides, and a probabilistic score at p < 0.05.
Mass spectrometry analysis
Western blot analysis
A2780/S cells were treated for 24 and 48 h with Aubipy c concentration corresponding to its 72-h-exposure IC 50 dose (3.1 μM). Protein preparation was the same as those of the 2-D experiments. Protein samples (30 μg) were separated on 4-16% gradient SDS-PAGE precast gels (Biorad) and transferred onto a PVDF membrane (Millipore). The relative amount of the GAPDH, PGK1, ENO1 and PKM was assessed with appropriate monoclonal antibodies (Santa Cruz Biotechnology). According to datasheets, all antibodies were employed with a 1:1000 dilution in 2% milk. After incubation with horseradish peroxidase (HRP)-conjugated anti-mouse IgG (1:2000) (Amersham Biosciences), immune complexes were detected with the enhanced chemiluminescence (ECL) detection system (Amersham Biosciences). The membranes were exposed to autoradiographic films (Hyperfilm MP; Amersham Biosciences) for 1-30 min. For quantification, blots were subjected to densitometric analysis using Quantity One Software (Bio-Rad). The intensity of the immunostained bands was normalized with the total protein intensities measured by Coomassie brilliant blue R-250 from the same blot. Statistical analysis, of three independent experiments, was performed by two-tailed non-paired Student's-t-test using Graphpad Prism 4. A p-value < 0.05 was considered statistically significant.
Glucose assay
A2780/S cells were treated for 48 h with Aubipy c concentration corresponding to its 72-h-exposure IC 50 dose (3.1 μM). One milliliter of medium supernatant was harvested immediately after the addition of Aubipy c (time 0) and then after 6, 12, 24, 48 h. Glucose concentration was measured using commercially kit based on the glucose oxidase/peroxidase enzymic procedure (K-GLUC from Meganzyme). Experiments were performed in triplicate. A two-tailed non-paired Student's-t-test was performed using Graphpad Prism 4. A p-value < 0.05 was considered statistically significant.
Bioinformatic functional analysis
To identify statistically over-represented (enriched) Gene Ontology terms among the differentially expressed proteins identified by MS analysis, we used David Bioinformatics Resource (version 6.7) (Database for Annotation, Visualization and Integrated Discovery; http://david.abcc.ncifcrf.gov/). The differentially expressed proteins identified by MS were divided in two lists: one containing the up-regulated proteins and one containing the down regulated proteins. These lists were compiled reporting UniProtKB accession number. Fisher's exact test was used to check for significant over-representation (p < 0.05) of GO terms in the submitted dataset against the H. sapiens genome. Furthermore Benjamini multiple testing was performed to globally correct the p-value controlling family-wide false discovery rate (p-value ≤ 0.1).
To perform network analysis we used the free-web portal BioProfiling.de (http://www.BioProfiling.de). It provides a common interface for the collection of recently developed tools [37] ; description and details of the tools can be found in original publications [38] . The gene/protein list is profiled with respect to the most information available regarding gene function, protein interactions, pathway relationships, in silico predicted microRNA to gene associations, as well as, information collected by text mining. The network analysis used has been freely available web-based tool for the interpretation of experimentally derived protein lists in the context of a global PPI network. We uploaded a dataset containing the Uniprot Accession of all the identified proteins. The significantly enriched PPI networks have been determined with the default parameter settings. PPI spider employs statistical methodology in which the p-value is adjusted for multiple testing (Bonferroni correction). The statistical significance of the inferred model is estimated based on the distribution of the model size for a random protein list. Statistical significance of the model is computed by a Monte Carlo simulation procedure [37, 38] . Cytoscape software (http://www.cytoscape.org/) was used for visualizing the obtained molecular interaction networks [39] .
Results
Cytotoxic effects of Aubipy c
The anti-proliferative properties of Aubipy c was measured in A2780/S cell line and compared with that of cisplatin as reported in the Materials and methods section. The IC 50 values, observed after exposure to both Aubipy c and cisplatin, are reported in Table 1 . After 24 h of exposure to Aubipy c , IC 50 value was 10.73 μM whereas that of cisplatin was about three-times higher (i.e. 34.15 μM). After 72 h of exposure to Aubipy c substantial cytotoxic activity was observed. IC 50 value of Aubipy c fell in the low μM range and it was similar to IC 50 obtained for cisplatin. These IC 50 values closely matched those recently determined on 36 different human tumor cell lines in Oncotest [40] . Aubipy c turned out to be less potent than other gold compounds such as Auoxo6 and Au2phen. In fact, Aubipy c was only moderately effective in the Oncotest panel but it was qualified as one of the most active gold(III) complexes on the A2780 line. Remarkably, this compound is able to overcome resistance to cisplatin [21] .
Proteomic results and statistical analysis
To investigate the cytotoxic mechanism of Aubipy c , the protein expression modifications induced by gold treatment in A2780/S cells were analyzed with respect to untreated cells by 2-DE based proteomics. A2780/S cells were treated, for 24 h, with Aubipy c at a concentration corresponding to its 72-h-exposure IC 50 dose (3.1 μM) in order to reduce the cell death and render a proteomic study well feasible. Indeed, a time course at 24, 48 and 72 h drug exposures with 3.1 μM of Aubipy c , by using trypan blue vital dye exclusion assay, showed that after 24 h of exposure, the percentage of cell growth inhibition compared to the control was 13.4% and the viability of the adherent cells was 86.0%. After 48 h and 72 h of drug exposure, the cell growth inhibition was 34.5 and 49.3%, respectively, and the viability of the adherent cells was 86.5 and 85.8%, respectively (Supplementary Table S1 ). After Aubipy c treatment, cellular protein extracts were prepared and separated by 2-D gel electrophoresis as reported in the 'Material and methods' section and the resulting 2-DE gels were colloidal Coomassie blue silver-stained. To obtain statistically significant results, we performed three independent experiments for both Aubipy c -treated and -untreated cells. To minimize gel-to-gel variation, 2-DE was performed twice for each biological replicate so that, 6 gels were analyzed for both Aubipy c -treated and control cells. In Fig. 2 representative 2-DE gels of control (A) and Aubipy c -treated A2780/S cells (B) are shown. The 2-DE gel images were analyzed by Progenesis SameSpots software 4.0 (Nonlinear Dynamics, UK) using default parameters. After automatic spot detection an average of about 1800 protein spots was detected in each gel. The computational 2-DE gel image analysis pointed out 102 differentially expressed protein spots (ANOVA p-value ≤ 0.05). In addition to univariate analysis (ANOVA-test), multivariate analyses (q-value, PCA and power analysis) were performed to explore categories of differential protein expression. To reduce the expected level of false positive we performed a statistical analysis on the ANOVA p-values, by applying the false discovery rate correction method known as q-value [41] . A statistically significant q-value (≤0.05) was found for 95 protein spots. To obtain an overview of the proteomic data for overall trends in Aubipy c -treated and control cells a multivariate analysis by PCA was performed. Gels were grouped according to the variance of their protein spot expression. The PCA biplot, shown in Fig. 2C , reveals two distinct expression profile groups corresponding to: i) Aubipy c -treated A2780/S cells and ii) control cells. In the PCA plot each point describes the collective expression profiles of one sample and plot demonstrates consistent reproducibility between the six replicate samples within each group (treated and untreated cells). Moreover, we calculated the power of our statistical anal; [42] . In our experiments, we achieved a target power of 87% confirming that the number of sample replicates used was appropriate. We considered as statistically differentially expressed the protein spots with a q-value ≤ 0.05 and a power ≥ 0.8. Among the 95 differentially expressed protein spots, 35 factors were up-regulated whereas 60 were down-regulated in Aubipy c -treated cells with respect to control cells. Such protein spots are highlighted with circles and numbers in the representative gels shown in Fig. 2A and B. These spots were subjected to mass spectrometry analysis and 87 proteins were successfully identified: 29 up-regulated and 58 down-regulated after Aubipy c -treatment. The results of mass spectrometry identification are reported in Table 2 , together with the corresponding spot numbers, score and coverage values of MALDI-TOF analysis, fold change in expression level and q-value. The experimental isoelectric point (pI) and molecular mass (Mr) values of the identified proteins mostly matched with those theoretically predicted from the genome sequence. More than one protein spot was found to correspond to the same protein, consistently with the presence of different post-translationally modified forms of the same proteins (Table 2 ). For example, we identified three spots as GAPDH, one of which (spot 66) was of higher molecular mass (36 kDa) and two of which (spots 44 and 59) were of lower molecular mass (35 kDa and 24 kDa respectively). This may be tentatively explained with the presence of post-translationally modified forms of GAPDH in agreement with several 2-DEbased studies which report the identification of this protein in spots with different position on 2-D gels [43, 44] . In some instances, the same protein was identified in spots that displayed a strong discrepancy between the observed position on 2-DE gels and the normal Mr, with a shift toward lower mass (e.g. spots 33, 35, 38, 53) suggesting the presence of protein fragmentation (Table 2 , Fig. 2 ). Moreover, it is of particular interest that differentially expressed protein spots were found to be products of the same gene. In particular, for some spots, in Aubipy c treated cells, we observed a decrease of the full length protein amount with a concomitant increase of protein forms with lower Mr, suggesting the presence of protein fragments. For example, in treated cells, we identified four spots as HSP704L, of which two of higher molecular mass (about 94 kDa, matching with the predicted Mr) were decreased, whereas two of lower molecular mass (about 88 kDa) were increased. Hsc71, T-complex protein 1 subunit alpha and GMPS showed the same trend ( Table 2 , Fig. 2 ). The final number of unique identified proteins was 26 for the up-regulated proteins and 45 for those down-regulated. All the identified proteins were classified into functional categories on the basis of the Gene Ontology (GO) terms related to their major biological functions using UniprotKB database (http://www.uniprot.org/). In Fig. 3 we reported the percentage of both up-regulated and down-regulated proteins, annotated in each functional category. Most of the up-regulated proteins belong to the functional classes of stress response and chaperones (41.5%), protein synthesis (17.2%), metabolism (13.8%) and cytoskeleton and cell structure (13.8%). The remaining identified proteins are shared out among cell cycle and apoptosis (3.4%), cell redox homeostasis (3.4%) and DNA replication and repair (6.9%). Concerning the down-regulated proteins, the most represented classes were those of metabolism (31%), protein synthesis (22.4%), stress response and chaperones (19%) and cell redox homeostasis (10.3%). The smaller functional classes are transport (7%), cell cycle and apoptosis (5.2%), signal transduction (3.4%) and cytoskeleton and cell structure (1.7%).
Functional GO terms and pathway enrichment analysis
To better understand biological meaning behind the list of proteins obtained after the Aubipy c treatment we used the web-accessible program DAVID (Database Annotation Visualization and Integrated Discovery version 6.7 http://david.abcc. ncifcrf.gov/home.jsp) [45, 46] and relative functional annotation tools. DAVID provides information whether any GO categories were statistically enriched by a gene/protein list. To this aim we uploaded two different lists containing the: i) up-regulated protein and ii) down-regulated protein, respectively. A Fisher's enrichment analysis was carried out by comparing the frequencies of the annotation terms in each protein subset with that of the whole list. Fig. 4 displays the obtained GO Biological Process (BP) terms statistically over-represented (p-value ≤ 0.1 after Benjamini correction). Detailed composition and statistical parameters were reported in Table S2 . Most of the top score biological processes, enriched by the 29 up-regulated proteins (Fig. 4A) , included ontologies involved in protein synthesis and folding: 'protein folding' (GO:0006457), 'protein metabolic process' (GO:0019538) and 'cellular protein metabolic process'(GO:0044267). In these GO BP terms we found the proteins corresponding to the functional category 'stress response and chaperones' reported in Table 2 . We found different subunits of T-complex protein 1. The TCP-1 chaperonin family known as 'eukaryotic cytosolic chaperonin containing TCP-1 (CCT)' has a critical function in the folding of many proteins, including the cytoskeletal components actin and tubulin [47] . We also found different members of the heat shock family such as, HSP60 mitochondrial, Hsc71 and Heat shock 70 kDa protein 4L. Concerning the enriched GO terms associated with protein metabolism we found two elongation factors such as Elongation factor Tu mitochondrial and Elongation factor 2, the protein pre-mRNA-processing factor 19 involved in spliceosome assembly, the RuvB-like 1 important for DNA repair and the dihydrolipoyl dehydrogenase mitochondrial associated with protein folding. Several proteins are shared between different GO terms all related to cellular metabolism (GO:0009987, GO:0044237, GO:0044238, GO:0008152). These terms contained all the proteins found in the enriched BP terms described above together with the mitochondrial NADH-ubiquinone oxidoreductase 75 kDa subunit involved in cellular respiration and two proteins involved in purine metabolism such as c-1-tetrahydrofolate synthase and GMP synthetase. Proteins involved in mRNA processing such as heterogeneous nuclear ribonucleoprotein H, heterogeneous nuclear ribonucleoprotein K and heterogeneous nuclear ribonucleoprotein Q, are also included. Three up-regulated proteins are involved in cytoskeleton rearrangement such as ezrin, vinculin and actin-related protein 3. This finding is in agreement with the data on the TCP-1 chaperonin family that acts primary on cytoskeleton remodeling.
The top score GO BP terms enriched by the down-regulated protein list (Fig. 4B and Table S2 ) included ontologies associated with metabolism and energy production such as 'metabolic process' (GO:0008152), 'cellular metabolic process' (GO:0044237), 'generation of precursor metabolites and energy' (GO:0006091) and 'glycolysis' (GO:0006096). Several isoforms of glycolytic enzymes such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), alpha enolase (ENO1), phosphoglycerate kinase 1 (PGK1) and pyruvate kinase isozymes M1/M2 (PKM) were included in these categories. Also, mitochondrial proteins involved in energy production (ATP synthase subunit alpha, enoyl-CoA hydratase, and ketoacid coenzyme A transferase 1) were present. Interestingly, we found enriched the BP term 'cell redox homeostasis' (GO:0045454, including mitochondrial SCO2 homolog peroxiredoxin-6 protein disulfide-isomerase A3 and the cytoplasmic thioredoxin reductase 1), suggesting a drug-induced reduction of antioxidant potential of the cells. In parallel to this GO enrichment analysis, we also searched for statistically enriched pathways through DAVID software. Using the list of the down-regulated proteins, we found over-represented the 'glycolysis pathway' with both Biocarta and KEGG pathways (p-value <0.1 after Benjamini correction). This pathway enrichment confirmed the GO BP term observations achieved with the down-regulated proteins, where the term 'glycolysis' were over-represented ( Fig. 4B and Table S2 ). The proteins associated with the term 'glycolysis', are GAPDH, PGK1, ENO1 and PKM (Fig. 5) .
Protein validation by Western blot
Western blot analysis was used to validate the expression changes of the glycolytic enzymes GAPDH, PGK1, ENO1 and PKM in A2780/S treated for 24 h with 3.1 μM Aubipy c . A representative immunoblot was shown in Fig. 6A whereas the complete blot is provided in Fig. S1 . For each tested protein the Fig. 2 (panels A and B) . b Accession number in Swiss-Prot/UniprotKB. c MASCOT MS score (Matrix Science, London, UK; http://www.matrixscience.com). MS matching score greater than 56 was required for a significant MS hit (p-value < 0.05). d Number of matched peptides correspond to peptide masses matching the top hit from Ms-Fit PMF, searched peptide are also reported. e Sequence coverage = (number of the identified residues / total number of amino acid residues in the protein sequence) × 100%. optical density of specific immunoreactive band was determined and the values were statistically analyzed by two-tailed non-paired Student-t-test. The resulting mean values ±SD, of three independent experiments, were reported in the bar graph in Fig. 6B . We found that the amount of these glycolytic enzymes was statistically decreased in Aubipy c treated cells with respect to controls (p-value < 0.05). The overall results confirmed both the proteomic data and the pathway enrichment analysis. It must be said, however, that GAPDH and PKM Western blot results were not completely in line with those of 2-DE. In GAPDH blot, we detected only the band of 36 kDa corresponding to full length protein (spot) whereas the bands of 35 kDa (spot 44) and 24 kDa (spot 59) were not detected by anti-GAPDH antibody. In PKM blot, we detected the band of 57 kDa corresponding to full length protein (spot 80) and the band of 36 kDa (spot 43) identified by mass spectrometry as fragment. The band of 24 kDa (spot 43) was not revealed in this blot. This discrepancy, between proteomic data and Western blot, could be due to the lower amount of these undetected bands or to the lack in the protein fragments of epitopes recognized by antibodies. There is some solid evidence that gold based drugs mainly act through modification of selected proteins ('protein metalation') with consequent loss of function and destruction [48, 49] . Therefore, to evaluate if, in our study, the decreased amount of these enzymes was due to an increased degradation, we performed the Western blot analysis on A2780 cells treated also for 48 h. The results at this time were similar to that at 24 h (Fig. S1) . Indeed, for all the validated enzymes, the amount of the relative full length protein was statistically lower in gold treated cells with respect to controls (p-value < 0.05) but we did not observe a concomitant appearance of protein fragments. Since the proteomics and the Western blots allow to detect only stable protein fragments, these results did not clarify whether the decrease in the amount of these proteins is due to increased degradation or decreased synthesis. Additional experiments are needed.
Metabolic investigations
Proteomic and bioinformatic results suggested a possible cytotoxic effect of Aubipy c , directly or indirectly, on glycolysis pathway. To investigate this hypothesis, we decided to perform two additional experiments: i) the measure of the decrease in glucose level in the culture medium and ii) the assessment of the effect of extra pyruvate addition in the culture medium on antiproliferative activity of Aubipy c against A2780/S cells.
Concerning the glucose assay, we cultured the treated and untreated A2780/S cells for 48 h. Glucose concentration was measured in 1 mL of medium supernatant harvested immediately after the addition of 3.1 μM Aubipy c (time 0) and then after 6, 12, 24, and 48 h. Experiments were performed in triplicate.
The resulting mean values ± SD were reported in the bar graph in Fig. 7 . We found that at both 24 and 48 h the glucose level was statistically higher in Aubipy c treated cells with respect to controls (p-value < 0.05 by two-tailed non-paired Student's-ttest). In treated cells we measured a glucose amount of 1.3 times higher at 24 h and 2 times higher at 48 h than in control cells. Thus, this result showed that Aubipy c treated cells consume less glucose than controls. Concerning the addition of extra pyruvate in the culture medium, we observed that it induced an increase of the IC 50 drug concentration value ( Table 3) . As reported in Section 3.1 and in Table 1 , after 72 h of exposure to Aubipy c , the IC 50 value was 3.1 μM. In the presence of 1 mM of pyruvate, the IC 50 value turned out to be 8.4 μM at 72 h (Table 3 ). This finding suggested that the addition of pyruvate attenuated the gold cytotoxic effect.
Network analysis
To better understand the key regulated biological processes occurring in A2780/S cell line after Aubipy c treatment, bioinformatics analysis to the list of identified proteins was carried out. The network analysis used is the web-based tool for the interpretation of experimentally derived protein lists in the context of a global PPI network PPI Spider [38, 50] . We put in the same analysis all the identified proteins listed in Table 2 . To start the analysis, we uploaded all these identified proteins, corresponding to 63 unique proteins and we selected H. sapiens as organism. In Fig. 8 (obtained by Cytoscape: http:// www.cytoscape.org/) there is a reported graphical illustration of the protein-protein interaction network created by the analysis. The table reported in Fig. 8 summarizes the results for this submission using the PPI Spider tool. In the table, the models' definition is also shown which specifies the maximal allowed distance between two input proteins connected (D1 means directly connected, D2 one intermediate is allowed), the number of input proteins covered by the system, and the corresponding significance of the best inferred model. Model D1 (p-value < 0.005) covers 8 proteins of the 63 submitted to the Table S2 .
organelles, including mitochondria [51] . Key proteins of this pathway, TOB1, DIDO1 and TRAF1, regulate the sensitivity of cells to anti-proliferative and apoptotic stimulus [52] [53] [54] . Moreover, REL is linked through the identified glycolytic enzyme GAPDH (P04406), with the intermediate node DHRS2 (dehydrogenase/reductase SDR family member 2, mitochondrial) a mitochondrial protein with a functional role in promoting growth inhibition. In turn, this protein is linked to the identified mitochondrial proteins Prohibitin (P35232) and voltage-dependent anion channel 2 (VDAC2, P45880). Fusion and fission maintain the functional integrity of mitochondria and Prohibitin forms large ring complexes in the inner membrane. It inhibits DNA synthesis and it has a role in regulating cell proliferation and mitochondrial respiration activity [55] . The VDAC family of proteins are considered as the main pathway for metabolite diffusion across the mitochondrial outer membrane and are involved in the BCL2 mitochondrial apoptotic pathway. VDAC and Prohibitin were found associated with an Alzheimer's disease accelerator which, by an alteration of the membrane environment, induces a reversible mitochondrial phenotype similar to that found in the disease [56] .
Discussions
The main goal of the present investigation was to examine the cytotoxic effects and the associated proteomic alterations of the representative gold compound namely Aubipy c on the A2780/S cancer cell line in the attempt to delineate its likely mode of action. We carried out a comparative proteomic study using 2-DE coupled with mass spectrometry. The results pointed out 95 differentially expressed protein spots following Aubipy c treatment. We successfully identified 87 of these protein spots and among them, in treated cells, 29 resulted up-regulated and 58 down-regulated. These proteins play specific roles in a variety of biological processes. Most of them belong to functional classes i.e. stress response and chaperones, protein synthesis, metabolism and cell redox homeostasis and cytoskeleton and cell structure. In order to understand the biological meaning behind the list of identified proteins, we analyzed separately the up-and down-regulated proteins by the web-accessible program DAVID. This program provides information about the GO terms enriched by a dataset of proteins or genes. Processing the up-regulated proteins we found statistically enriched GO 1 μM) . Glucose level was assessed in 1 mL of medium supernatant immediately after the addition of Aubipy c (time 0) and after 6, 12, 24 and 48 h. For each time point, three biological replicates were performed. The two-tailed non-paired Student's-t-test was carried out using Graphpad Prism 4. In the histogram, the mean value ± SD of the glucose amount expressed as ng glucose/cell number (black bars: control cells; white bars: Aubipy c -treated cells) is reported. A p-value < 0.05 was considered statistically significant (*). These chaperones may participate in the stress response to drug-induced damage [57] . Experimental evidence supports the dual capability of anticancer drugs to act as lethal agents for tumor cells as well as to induce the adaptive stress response in the neoplastic environment. Anticancer drugs activate cell death programs [58] and modulate expression of genes that are essential for drug resistance [59] . In fact, in addition to their normal housekeeping character in folding proteins, the frequently protective induction of HSPs in response to stress and their role in the regulation of death signals are well recognized [60] . The HSPs are implicated in both the effectiveness and the tolerance to chemotherapy [60] . T-complex protein 1 subunits were already found to be involved in the process of cisplatin resistance by Castagna et al. [61] . It is noteworthy that some of these chaperones, such as TCP1, heat shock 70 kDa protein 4L and heat shock cognate 71 kDa protein, resulted both increase and decrease in protein abundance. This apparent discrepancy occurred because we found a decrease in the amount of spots corresponding to the full length protein with a concomitant increase in the amount of protein spots with a lower Mr. This may be explain with the presence of protein fragmentation due to gold treatment or with the presence of different protein species. Analyzing the down-regulated proteins list, we statistically enriched GO BP terms associated with metabolism and energy production ('metabolic process', 'generation of precursor metabolites and energy', and 'glycolysis'). Most of the proteins involved in this enrichment are metabolic enzymes such as the glycolytic enzymes PKM, GAPDH, ENO1, and PGK1. We also found enzymes of different metabolic processes such as ATP metabolism, galactose metabolism, retinol metabolism, lipid and ketone metabolism, amino-acid and protein metabolism. Another GO BP term enriched within the list of down-regulated proteins was 'cell redox homeostasis'. The mitochondrial SCO2 homolog, peroxiredoxin-6, protein disulfide-isomerase A3 and the cytoplasmic thioredoxin reductase 1 were clustered in this enrichment. An interesting finding of this functional analysis dealt with the enrichment of GO terms associated with glucose metabolism. In line with this result, the down-regulated protein also statistically enriched the pathway 'glycolysis'. This data was also confirmed by Western blot analysis in which the level of the glycolytic enzymes PKM, GAPDH, ENO1, and PGK1 were decreased after Aubipy c treatment. Genes of glucose metabolism have been reported to be ubiquitously over-expressed in cancer cells [62] . Many researchers have shown that tumors prefer glycolysis to form ATP. The glycolytic shift in tumor cells compensates for mitochondrial dysfunction and also provides resistance to apoptosis. Moreover, these metabolic alterations are responsible for chemoresistance in cancer therapy. Glyceraldehyde-3-phosphate dehydrogenase and alpha enolase seem to be relevant in the acquisition of drug resistance in cancer cell lines, due to their transcriptional regulation activity more than their function in glycolysis [63] . Therefore, the combination of anticancer chemotherapeutics and metabolic modulators could be a promising strategy to overcome chemoresistance [64] . Moreover, we found markedly decreased the amount of an isocitrate dehydrogenase isoform upon Aubipy c treatment. Its role in chemoresistance still remains to be elucidated, however it was already found to be involved in drug resistance in ovarian and other types of cancer [65, 66] .
In conclusion the proteomic and bioinformatic results underline a potential negative effect of Aubipy c treatment on glucose metabolism that might lead to the activation of a stress response mediated by chaperones and stress response proteins. We also supported this hypothesis by the assessment of the glucose level in the culture medium after gold treatment. The results revealed that after 24 and 48 h, A2780/S treated cells displayed a higher amount of glucose with respect to controls indicating a lower consumption of this sugar. Moreover, the antiproliferative activity of Aubipy c was reduced by the addition of extra pyruvate in the culture medium . This indicates that pyruvate can overcome the slowdown of glycolytic flux and confirms that Aubipy c acts, at least as a part of its mechanism of action, affecting glycolytic pathway.
The variations in protein expressions pointed out by our proteomic analysis could be an indirect consequence of other changes affecting less expressed and non detectable proteins. To identify these proteins we performed a pathway analysis using the global PPI Spider network. The network includes 45 of the 87 proteins identified in this study and 31 new intermediate proteins, whose expression level could be influenced by the Aubipy c treatment. Several identified proteins belong to the functional class 'chaperones and stress response' such as the central node of the network HSP60 mitochondrial, HSP90AB1, stress-70 mitochondrial protein, HSP704L and STIP1. We found new interactors involved in transcription regulation and mRNA splicing such as EIF2C3, TFES, ELF3, HMGA1 and PUF60. These findings agree with the GO functional analysis supporting an involvement of the biological process 'protein folding' and 'protein synthesis' in Aubipy c cytotoxicity response. It is worthwhile to note that most of the 31 new intermediate nodes are involved in the functional classes 'cell cycle and apoptosis', and 'DNA replication and repair'. Among the proteins implicated in the apoptotic process, we found RAF1, SIRT1, PPP2R-1B, PAK2, REL, TRAF1, TOB1, DIDO1, Prohibitin, PDCD6IP (Q8WUM4) and VADAC2 [67, 68] . This datum strongly correlates to the recent studies on the mechanisms through which Aubipy c causes cell death. Indeed, it was found that this gold compound induces extensive apoptotic cell death [21] . Due to the fact that Aubipy c is a strong inhibitor of mitochondrial thioredoxin reductase [23] , it was proposed that apoptotic cell death might arise from direct mitochondrial damage. In line with this hypothesis, we found several proteins related to the mitochondrial functionality such as the NAD +-dependent deacetylase SIRT3 [69] , Prohibitin, VADC2 and DHRS2. Interestingly, we found proteins associated with the GO biological process 'I-kappaB kinase/NF-kappaB cascade' such as REL, TRAF1, MAP3K3, RIPK2and TAB1. This pathway has been associated to other metallo-drugs. It has been shown that, in cervical carcinoma cells, cisplatin treatment-induced NF-kappaB down-regulation is mediated by TRAF2, and it triggers the membrane death receptor/mitochondria-mediated apoptotic pathway [25] . Furthermore, the activation of nuclear factor kappaB (NF-kappaB) contributes to drug resistance in pancreatic carcinoma and it was demonstrated that pretreatment of pancreatic carcinoma cells with genistein, that down-regulates NF-kappaB activity, enhances the apoptosis-inducing effect of cisplatin, leading to greater antitumor activity in vivo [70] . Moreover, anti-rheumatic gold compounds, such as auranofin, have been shown to inhibit NF-κB activation by blocking IκB kinase (IKK) activity.
In conclusion the network analysis highlighted the involvement of proteins associated with biological processes, as protein folding and synthesis, apoptosis and cellular proliferation, in response to Aubipy c exposure, thus supporting the proteomic results. Moreover, this analysis led to the identification of proteins associated with NF-kB pathway. Some of these proteins may be further investigated to better identify and characterize the cellular perturbations induced by Aubipy c .
Conclusions
In summary, we have reported here the first proteomic analysis regarding Aubipy c cytotoxicity on A2780/S cell line. The proteomic study revealed for Aubipy c different cellular alterations with respect to cisplatin as well as to other gold compound such as auranofin. Remarkably, from our bioinformatic and functional analysis, it emerged quite clearly that Aubipy c treatment affected, directly or indirectly, several glycolytic enzymes leading to a possible down-regulation of glucose metabolism. However, it should be kept in mind that this work is just a first exploration of the mechanisms underlying the cytotoxic effects of Aubipy c . Further study is actually required to clarify the specific role exerted by the identified proteins and their corresponding pathways in cell response to drug-induced damage. Additional analyses are needed to demonstrate if Aubipy c is able to bind directly these proteins or at least some of them. At present, we are performing a parallel proteomic study on the A2780/R cell line in order to verify if Aubipy c treatment is able to affect the expression level of proteins associated to cisplatin resistance. This study might further confirm the mechanistic results achieved with the present investigation.
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